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Abstract
A theoretical framework, which is under the first-principles calculations, is devel-
oped to fully explore the dramatic changes of essential properties due to the silicon-
atom chemical modifications on monolayer graphenes. For the Si-chemisorption and
Si-substituted graphenes, the guest-atom-diversified geometric structures, the Si- and
C-dominated energy bands, the magnetic moments, the charge transfers, the spatial
charge densities, the spin distribution configurations, and the van Hove singularities
in the atom- and orbital-projected density of states are investigated thoroughly by the
delicate evaluations and analyses. Such fundamental properties are sufficient in deter-
mining the critical physical and chemical pictures, in which the accurate multi-orbital
hybridizations are very useful in comprehending the diverse phenomena, e.g., the C-
and Si-co-dominated energy bands, the semiconducting or metallic behaviors, and the
existence/absence of Dirac-cone band structures. This developing model could be gen-
eralized to other emergent layered materials.
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I. Introduction
Carbon atoms could form 3D diamond,1 3D graphites,2 2D layered graphenes,3,4 1D graphene
nanoribbons,5–7 1D carbon nanotubes,8–10 0D carbon toroids,11,12 0D C60-related fullerenes,13
and 0D carbon onions.14 The versatile morphologies directly indicates the peculiar chemi-
cal bondings, in which all carbon-created systems possess sp2-bonding surfaces except for
the sp3 bondings in diamond. Specically, the few- and multi-layer graphene systems have
been manufactured using the various methods15,16 since the first experimental observation in
2004 by the mechanical exfoliation. Up to now, they clearly exhibit a plenty of remarkable
fundamental properties due to the hexagonal symmetry, the nanoscaled thickness, and the
distinct stacking configurations, such as semiconducting and semi-metallic behaviors,17,18
anomalous quantum Hall effects,19 diverse magnetic quantizations,20–23 rich Colomb exci-
tations and decays,24–28 different magneto-optical selection rules,29–31 the exceedingly high
mobility of charge carriers,32,33 and the largest Young’s modulus of materials ever tested.34
To induce the novel phenomena and extend the potential applications, the electronic prop-
erties could be easily modulated by the layer number,35,36 stacking configuration,37–39 me-
chanical strain,40,41 sliding,42 electric and magnetic field,43,44 chemisorption,45–48 and direct
doping.49–51 This book chapter focuses on the latter two factors.
How to modulate the fundamental properties becomes one of the main-stream topics in
materials chemistry, physics and engineering. The chemical modification is the most effective
method. Pristine graphene has a rather strong σ bonding of (2s, 2px, 2py) orbital in the
honeycomb lattice. This system creates a quite active chemical environment, since each
carbon contributes one perpendicular 2pz orbital as a dangling bond. That is to say, the host
carbon atoms can bond with the various guest atoms (adatoms),52,53 molecules54 and even
functional groups.55 Up to now, there are a lot of theoretical56 and experimental researches
on the surface chemisorptions.57 The previous results show the adsorption-diversified physical
and chemical phenopmena, such as, the opening of energy gap,58 the semiconductor-metal
transitions,59 the absence/the recovery of the Dirac-cone band structure,60 the spin-split
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energy band due to the specific adatoms,61 the diverse van Hove singularities in density
of states (DOS), the single- or multi-orbital hybridizations in C-adatom bonds shown in
the spatial charge density and atom- and orbital-decomposed DOSs,62 and the magnetic
moments & spin configurations.63 It is well known that the graphitic layers, the layered
graphene system, are the most efficient anode material in the Li+-ion-based batteries. Maybe,
the battery efficiency is deduced to be enhanced by adding some silicon materials, as observed
from the experimental measurements.64 The Si-atom chemisorption might play an important
role in these potential applications. Another chemical modification is the direct doping,
the substitution of host carbons by guest adatoms in honeycome lattice. For example,
the BxCyNz compounds have been sussessfully synthesized in the stable structures of 1D
nanotubes65 and 2D layers.66 Apparently, the essential properties are predicted to present
the drastic changes, e.g., electronic structures,67 optical absorption spectra68 and transport
properties.69 The above-mentioned chemical modifications on graphene systems are worthy
of a systematic study on the significant fundamental properties, especially for the critical
differences in the orbital hybridizations between the weak and strong Si-C bonds.
In this work, a theoretical framework, which is developed within the first-principles cal-
culations, is utilized to fully explore the essential properties of the Si-adsorbed and Si-
substituted graphene systems. The concise chemical and physical pictures, the multi-orbital
hybridizations without the spin configurations, will be proposed to explain the unusual geo-
metric structures, electronic energy spectra, spatial charge densities, and atom- and orbital-
decomposed density of states. That is, all the calculated results are consistent with one
another under such mechanisms. Furthermore, they are responsible for the semiconductor-
metal transitions after the guest-atom chemisorptions and the creation of energy gaps in the
substituion cases. The various experimental characterizations are discussed in detail, and
their measurements are required to examine the theorertical predictions, e.g., STM/TEM,
ARPES, and STS experiments, respectively, for C-C & Si-C bond lengths, low-lying valence
bands & Fermi level, and van Hove singularities in DOSs.
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II. Computational methods
The rich geometric structures and electronic properties of the Si-adsorbed and Si-doped
graphene systems are thoroughly explored using the density functional theory (DFT) im-
plemented by Vienna ab initio simulation package (VASP). The many-body exchange and
correlation energies, which come from the electron-electron Coulomb interactions, are cal-
culated from the Perdew-Burke-Ernzerhof (PBE) functional under the generalized gradient
approximation. Furthermore, the projector-augmented wave (PAW) pseudopotentials can
characterize the electron-ion intrinsic interactions. As to the complete set of plane waves,
the kinetic energy cutoff is set to be h¯2 |k +G|2 /2m = 500 eV, being suitable for evaluating
Bloch wave functions and electronic energy spectra. A vacuum space of 10 Å is inserted
between periodic images to avoid their significant interactions. The first Brillouin zone is
sampled by 9× 9× 1 and 100× 100× 1 k-point meshes within the Monkhorst-Pack scheme
for geometric optimizations and electronic structures, respectively. Such points are suffi-
cient in obtaining the reliable orbital-projected DOSs and spatial charge distributions. The
convergence for the ground-state energy is 10−5 eV between two consecutive steps, and the
maximum Hellmann-Feynman force acting on each atom is less than 0.01 eV/Å during the
ionic relaxations.
By the delicates VASP calculation on certain physical quantites, the critical physical
and chemical pictures, the multi- or single-orbital hybridizations in chemical bonds and
the spin configurations due to host and guest atoms, can be achieved under the concise
scheme. They will be be useful in fully comprehending the fundamental physical properties.
These important concepts are obtained from the absorption- and doping-diversified geometric
structures, carbon- and silicon-dominated valence and conduction bands, the total charge
distributions and their drastic changes after adatom chemisorption or guest-atom doping, and
the atom- and orbital-decomposed density of states through the detailed analyses. Also, such
physical quantities could provide the significant differences between the chemical absorptions
and dopings, such as, the metallic or semiconducting behaviors, the normal and irregular
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electronic energy spectra, and the complicated van Hove singularities, being attributed to
the diverse chemical bondings. The developed theoretical framework could be generalized to
the emergent two-dimensional materials, e.g., the chemical absorption and dopings in layered
silicene,70 germanene,71 and tinene systems.72
III. Geometric structures of Si-adsorbed and Si-substituted
graphene
Monolayer graphene has a planar geometry with a honeycomb lattice, being different from
the buckled structures in layered silicene,73 germanene,74 and tinene.75 Apparently, this
crystal is formed by the very strong σ bonding of (2s, 2px, 2py) orbitals, and the weak pi
bonding of 2pz orbitals are perpendicular to the graphitic plane. However, the other group-
IV systems, with the buckled structures, are stabilized by the optimal competition between
the sp2 and sp3 chemical bondings. The bond length remains shortest for the C-C (1.420 Å
Table 1) among all the group-IV systems. After the Si-chemisorpion on graphene surface,
the hexagonal honeycomb of carbon atoms remain planar structure while C-C bond length,
∼ 1.46-1.49 Å & shown Fig. 1(a), is enhanced under the specific chemical bondings of silicon
and carbon atoms. Part of carbon electrons take part in the multi-orbital hybridizations
of C-Si bonds, leading to the weakened C-C bondings. As for the Si-substituted cases, the
silicon-carbon honeycomb lattices remain planar structures, indicating the sufficiently strong
quasi-σ bondings due to the sp2-sp2 multi-orbital hybridizations in Si-C bonds [discussed
later for the spatial charge densities in Fig. 7, and density of states in Fig. 9]. The Si-C
and C-C bond lengths are, respectively, ∼ 1.78-1.83 Å ∼ 1.47-1.50 Å under the high-ration
substitutions [Fig. 1(b) and Table 1]. The 1:1 substituted system, the pure silicon-carbon
compound, has an optimal Si-C bond length (1.78 Å ) much longer than that (1.42 Å
) in a pristine graphene. This will lead to the great decrease of the strength in quasi-σ
bonding, being further identified the largely reduced charge density between the Si-C bonds.
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In addition, the guest-atom distribution configurations could be classified into three kinds
under the specific concentrations lower than 50% [Figs. 3(a)-3(c)], namely, the ortho-, para-
and meta-substitution cases. However, the former two are degenerate just at 50% [Fig. 3(b)].
Scanning tunneling microscopy (STM) is very powerful in identifying the nano-scaled
surface morphology.77 This tool can characterize the real-space surface structures under the
lateral and vertical atomic resolution, such as, the very short bond length, planar or buckled
geometries, crystal arrangements, archiral or chiral edges, bridge-, hollow- & top-site adsorp-
tions, local substitutions, and few-atom clusters. Up to now, a lot of high-resolution STM
measurements have confirmed the diverse geometric symmetries on the graphene-related sys-
tems with the significant sp2 chemical bondings, covering the chiral or archiral hexagons on
the hollow and cylindrical carbon nanotubes,78 the various edge structures in nanoscaled-
width graphene nanoribbons,79 the folded, curved, scrolled & stacked hexagonal lattices,80
the AAB, ABC & ABA stackings in few-layer graphene systems.81 The theoretical predic-
tions on the planar graphene after chemisorptions and substitutions, the positions of Si-guest
atoms, and Si-C & C-C bond lengths could be verified by the STM experiements, being useful
in examining the specific multi-orbital hybridizations in chemical bonds.
Transmission electron microscopy (TEM) is one of most powerful equipments in char-
acterizing the nano-scaled geometric structures, especialy for the side-view properties.82 A
high-energy electron beam, with a very narrow distribution width, can penetrate through an
ultra thin sample to generate a diffraction spectrum by the interactions of charge carriers
and condensed-matter systems. Up to date, the high-resolution TEM measurements can di-
rectly identify the side-view crystal structures, being better than other experimental ones. A
plenty of previous experimental studies show that they have accurately identified the rich and
unique geometric properties arising from the carbon-sp2 bondings in various layered struc-
tures, such as, the 1D single- & multi-walled carbon nanotubes,83 the 2D curved,84 folded,85
scrolled,86 and stacked graphene nanoribbons87 , the 2D AA-, AB-, ABC- and AAB-stacked
few-layer graphene systems.88,89 The theoretical predictions which cover graphene plane,
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adatom height and bridge side under the Si-chemisorptions, could be examined by the TEM
measuments, indirectly supporting the sp3 − p multi-orbital hgybridizations in Si-C bonds.
IV. Rich electronic structures
A pristine monolayer graphene, as clearly indicated in Figs. 4(a) and 4(b), exhibits the
unusual band structure. The occupied valence bands are asymmetric about the unoccupied
ones, mainly owing to the multi-orbital σ bondings. The low-lying valence and conduction
bands, which are initiated from the K and K′ valleys (the corners of the first Brilloun zone),
are linearly intersecting there. There exist the isotropic Dirac-cone structures at low energy,
in which the Fermi level, (EF = 0), just crosses the Dirac point. Apparently, this system
belongs to a zero-gap semiconductor because of the vanishing density of state at EF . The
low-energy band structure mainly coms from the pi bondings of the perpendicular C-2pz
orbitals. The Dirac-cone structure, being due to the hexagonal symmetry, is predicted
to display a lot of unusual phenomena, e.g., the diverse magnetic quantizations,90 Hall
effects91 and optical properties,92 being consistent with the experimental measurements.93
The linear energy dispersions will gradually become the parabolic ones as the state energy
of |Ec,v| grows, or the wave vector deviates from the K/K′ point. Specifically, the middle-
energy parabolic valence and conduction bands present the saddle points at M, respectively,
corresponding to ∼ −2.4 eV and 1.81 eV. Such critical points in energy-wave-vector space
could be regarded as the significant band-edge states in creating the important van Hove
singularities. That is to say, they are thus expected to induce the special structures in the
essential physical properties. The σ valence bands at the deeper energy come to exist at
Ev ∼ −3.02 eV from the Γ point, being regarded as the extreme point of parabolic energy
dispersion. Their electronic states are formed by the (2s, 2px, 2py) orbitals of carbon atoms,
or the very strong σ bondings on the graphene plane.
Band structure is dramatically changed by the Si-chemisorptions. The band asymmetry
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about the Fermi level becomes more obvious. For the double-side full adsorption, the low-
lying energy bands, as shown in Fig. 4(c), exhibit the metallic behavior, belonging to
the p-type phenomena. There exist some valence and conduction band intersecting with
the Fermi level (EF = 0). Apparently, the distorted Dirac-cone structure appears near the
Γ point. The separation of valence and conduction Dirac points could reach ∼ 0.51 eV.
The electronic energy spectrum is highly anisotropic energy spectra along ΓM and ΓK.
The occupied electronic states come to exits between the Fermi level and the bottom of the
conduction-band states. This clearly indicates the creation of free conduction electrons by the
effective adatom dopings. On the other hand, the free holes are generated in the unoccupied
valence states along MΓ and KΓ. As a result, it is difficult to identify Si-adsorbed graphene
as a n-type or p-type system. However, this system belongs to a 2D semimetal, since it has
a finite density of states at the Fermi level (Fig. 8(c)) arising from he crossing valence and
conduction subbands. The above-mentioned unusual band structures are closely related to
the very strong competitions/cooperations of orbital hybridizations in Si-C and C-C bonds.
Also, the drastic changes in electronic structures are revealed in the single-side full ad-
sorption case, as clearly indicated from a comparison of Fig. 4(d) with Fig. 4(c). The
chemisorption of silicon adatoms induces the free electrons and holes simultaneously, be-
ing similar to the double-side case (Fig. 4(c)). The low-lying conduction bands near the
Γ point and the vacant valence bands along MΓ and KΓ reduce their number. That is to
say, the number of energy bands intersecting with the Fermi level declines in the further
decrease of Si-concentration, and the 2D free carrier density behaves so. As to both ab-
sorption cases, carbon host atoms and silicon guest ones make significant contributions to
the electronic structures of the whole energy range, in which their dominances are obviously
displayed by red triangles and blue circles. These important results mean that there exist
the non-negligible multi-orbital hybridizations in Si-C, C-C and Si-Si bonds.
The atom- and orbital-dominated energy bands are worthy of a closer examination. Most
of energy bands are co-contributed by C-host and Si-guest atoms, and part of them mainly
8
come from the former or the latter. In general, the low-lying and middle-energy valence and
conduction bands are dominated by the Si-guest atoms, compared with C-host atoms. The
percentage of atom contribution is about 4 : 1 (2 : 1) under the Si-100% (Si-50%) absorption
cases shown in Fig. 4(c) [Fig. 4(d)], being estimated from the sp3 − p bonding in the Si-C
bond [the conclusion from the atom- and orbital-projected denity of states; discussed later in
Fig. 8(c)]. The four (3s, 3px, 3py, 3pz)) orbitals of silicon and the single 2pz orbital of carbon
make important contributions to such energy bands. Apparently, there are few σ valence
bands of (2px, 2py) orbitals near the Γ point, and they belong to the concave-downward
energy dispersions at Ev ∼ −4.10 & −4.20 eV for the full adsorption cases (Figs. 4(d) and
4(c)), as identified from Fig. 8(c). It should be noticed that the pristine σ valence bands
come to exist at Ev ∼ −3.0 eV [Figs. 4(b) and 8(b)].
Both silicon and alkali adatoms can create the free carriers, while their band properties
are quite different from each other. The alkali-adsorbed graphene systems present the ap-
proximately rigid energy bands and few Li-dominated conduction bands, clearly indicating
the blue shift of the Fermi level.62 Their free carriers purely originates from the electron
charge transfer from the outmost s orbital of each alkali adatom to carbon host atom. Fur-
thermore, the atom- and orbital-projected densities of states clearly show the weak, but
the significant s− pz orbital hybridization in every alkali-carbon bond. On the other hand,
the free electrons and holes in the Si-adsorbed cases are associated with strong overlap of
valence and conduction bands, so the shift of EF is very difficult to characterize its value.
There are a lot of extra Si-dominated and (Si, C)-co-dominated energy bands in the whole
energy spectrum, especially for those crossing the Fermi level. The complicated chemi-
cal bondings are deduced to survive in Si-adsorbed graphene systems, in which they cover
the 2pz-(3s, 3px, 3py, 3pz), (3s, 3px, 3py, 3pz)-(3s, 3px, 3py, 3pz) and (2s, 2px, 2py)-(2s, 2px, 2py)
multi-orbital hybridizations in the C-Si, Si-Si and C-C bonds. Most important, the above-
mentioned differences obviously illustrate the adatom-adsorption-induced diverse phenomena
and the critical mechanisms/pictures in determining the fundamental properties.
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Electronic properties obviously show the drastic changes in the presence of Si-substitutions,
as clearly indicated in Figs. 5(b)-5(d). The asymmetry of valence and conduction bands
about EF = 0 is greatly enhanced by the high dopings, e.g., 100% in Fig. 5(b) and 50% in
Figs. 5(c) and 5(d). The substitution and adsorption cases sharply contrast with each other
[Figs. 5 and 4]. First, all the latter configurations and concentrations show the semiconduct-
ing behaviors, with a finite or a vanishing band gap. For example, the fully Si-substituted
graphene is a wide-gap semiconductor with Eig = 2.56 eV. Energy gaps are direct or indirect
ones being determined by the highest valence and the lowest conduction state near the Γ
point. Their values decline with the decreasing Si-concentration, and they strongly depend
on the guest-atom distribution configurations, e.g., Eg = 0.56 eV for the meta-configuration
[Fig. 5(d)] under the 50% substitution. Also, the zero-gap semi-conducting property is re-
vealed in the ortho-50% case [Fig. 5(c)], where an anisotropic Dirac-cone structure appears
a certain k-point in between Γ and K. Only the Dirac point intersects with the Fermi level,
so its density of states is vanishing there [Fig. 9(c)]. This is responsible for the zero-gap
semiconductor. Second, the pristine Dirac cone at Γ point [Fig. 4(b) is seriously separated
and distorted [Fig. 5(c)], or even thoroughly destroyed [Figs. 5(b) and 5(d)]. Third, the
valence and conduction bands near the Fermi level are initiated from the Γ point, but almost
independent of the M and K points. Fourth, the number of energy bands keeps identical
after the Si-substitutions, compared with those of a pristine graphene. Finally, all the energy
bands are co-dominated by the Si-guest and carbon-host atoms under the high substitutions;
furthermore, the separated σ bands at deep energies purely due to C-(2px, 2py) orbitals are
absent. These results suggest the existence of the quasi-σ and quasi-pi bondings, respectively,
originating from the (3s, 3px, 3py)-(2s, 2px, 2py) & 3pz-2pz orbital hybridizations [supported
by the spatial charge distributions in Fig. 7 and the atom- and orbital-projected density of
states in Fig. 9]
Angle-resolved photoemission spectroscopy (ARPES) is the only tool in measuring the
wave-vector-dependent occupied electronic states, especially for valence and conduction
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bands crossing the Fermi level. The details of experimental equipments could be found
in the books written by Tran et al93 and Lin et al.94 Up to date, the high-resolution ARPES
measurements have identified the rich band structures in graphene-related systems, being
greatly diversified by the distinct geometric symmetries, dimensions, stacking configurations,
numbers of layers, and absorptions, substitutions & intercalations. For example, the veri-
fied electronic structures, which are consistent under the theoretical predictions95 and the
experimental measurements,96 include parabolic valence bands with an energy gap in the
1D graphene nanoribbons,97 the linear Dirac-cone structure in monolayer graphene,98 the
blue shift of the Fermi level in alkali-adsorbed graphene systems,99 two parabolic valence
bands near EF without energy gap in bilayer AB-stacked graphene,100 the monolayer- and
bilayer-like valence bands in trilayer ABA stacking, the partially flat, sombrero-shaped, and
linear bands in trilayer ABC stacking,101 and the parabolic & linear energy dispersions near
the K and H points (kz = 0 and pi) in a natural graphite.102 The similar ARPES measure-
ments are available in thoroughly examining the significant effects on band structures after
the chemisorptions and substituions of Si guest atoms. They are conducted on the finite or
vanishing band gap, the numbers of the valence and conduction bands intersecting the Fermi
level near the Γ, K and M points, and the existence/destruction of the cabon-dominated σ
bands at the Γ point initiated from −4.1 eV - −4.2 eV. Such detailed informations are suf-
ficient in determining the critical multi-orbital hybridizations of C-Si bonds, the p− sp3 or
2p2 − sp2 bondings.
V. Spatial charge densities
The multi-orbital hybridizations in chemical bonds, which are responsible for the rich ge-
ometric structures, energy bands and density of states, could be delicately identified from
the spatial charge densities (ρ’s) and their variations (∆ρ’s) after the various modifications.
The latter is obtained from the difference between the Si-chemisorption/Si-substitution and
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pristine cases. A pristine graphene, as clearly shown in Fig. 6(a), presents a very high carrier
density between two carbon atoms [a red region enclosed by a black rectangle], indicating a
rather strong σ bonding due to three C-(2s, 2px, 2py) orbitals on honeycomb lattice. Such
bonding is hardly affected by the Si-adatom adsorptions [Figs. 6(b) and 6(d)]. Also, there
exists the pi bonding near the plane boundary along the z-direction [covered by a red rect-
angle]. The 2pz-2pz orbital hybridizations in C-C bonds might be drastically changed under
the Si-chemisorptions. Apparently, the charge distributions related to silicon adatoms and
carbon atoms along the x-, y-, and z-directions present the obvious variations. The strong
evidences are illustrated by ∆ρ’s in Figs. 6(c) and 6(e). The charge density is enhanced near
the carbon atoms on the (y, z)- and (x, z)-planes [the red-color regions]. This result means
some electronic charges transferred from Si to C atoms. In addition to the z-direction, the
important charge variations along the x- and y−directions survive between silicon adatoms
and carbon atoms/silicon ones, indicating the multi-orbital hybridizations in Si-C and Si-Si
bonds. According to the direction- and position-dependent variations of charge densities,
there exist the (3s, 3px, 3py, 3pz)-2pz and (3s, 3px, 3py, 3pz)-(3s, 3px, 3py, 3pz) complicated in-
teractions in Si-C and Si-Si bonds, respectively.
The Si-substitution cases exhibit the diversified charge densities, compared with the
pristine and Si-chemisorption ones. For the full substitution, the Si-C bonds, which consists
of honeycomb lattice [Fig. 3(a)], present the sufficiently high charge densities between two
neighboring atoms [Fig. 7(a)]. They are formed by the quasi-σ bondings, in which the
charge-density-dependent strengths are greatly reduced, compared to the σ ones in C-C
bonds. This is consistent with the longer Si-C bonds and the shorter C-C bonds. The
similar results are revealed in other substitution cases, e.g., the 50% substitutions under the
ortho-, and meta-configurations [Figs. 7(c) and 7(e)]. There also exist the quasi-pi bondings
near the boundary. They present the non-well-behaved charge distributions, compared with
those of a pristine graphene [Fig. 6(a)]. The obvious variations of charge densities on
the (y, z)- and (x, z)-planes, being clearly show in Figs. 7(b), 7(d) and 7(f), suggest the
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significant (3s, 3px, 3py)-(2s, 2px, 2py) & 3pz-2pz orbital hybridizations in Si-C bonds. The
coexistence of the multi- and single-orbital interactions are further supported by the atom-
and orbital-decomposed densities of states [discussed later in Figs. 9(b)-9(d)].
VI. The diverse density of states
The main features of energy dispersions are directly reflected in the diversified density of
states. The special structures, the van Hove singularities, mainly originate from the critical
points in the energy-wave-vector space, in which the band-edge states might belong to the
local minima & maxima, and the saddle points. In general, there are three kinds of novel
structures, the V-shaped structure crossing the Fermi level, logarithmically divergent peaks
[E ∼−2.4 eV & 1.81 eV] and shoulders [E ∼ −3.02 eV], as clearly observed in a pristine
graphene [Figs. 8(a) and 8(b)]. They are, respectively, due to the linear Dirac cone [the Γ
point in Fig. 4(b)], the saddle points [the M points], and the extreme points of parabolic
dispersions [the Γ point]. Specifically, the former two structures are generated by the pi
bonding of 2pz orbitals (the dashed red curve), and the initial σ bands are closely related
to the (2px, 2py) orbitals [the dashed green and blue curves]. The pi-bonding structures are
separated from those of σ bondings.
Apparently, a lot of van Hove singularities in density of states are created by the Si-
adatom chemisorption under the double- and single-side cases, being obviously displayed in
Figs. 8(c) and 8(d), respectively. The finite density of states at the Fermi level indicates
the semi-metallic behavior, while the vanishing value under the pristine case [Fig. 8(b)]
correspond to a semiconductor. The strong chemical boding between Si and C atoms is
responsible for the significant overlap of the valence and conduction bands and the creation
of new energy bands [Figs. 4(c) and 4(d)]. The significant contributions of carbon-2pz
orbitals appear in the whole energy range of −6 eV≤ E ≤ 3 eV. Specifically, for that above
−4 eV, the non-negligible contributions from the four Si-(3s, 3px, 3py, 3pz) orbitals come
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to exist, respectively, indicated by the solid pink, green, orange and purple curves. The
van Hove singularities from these orbitals are merged together. This clearly indicates the
p− sp3 chemical bondings in C-Si bonds. The multi-orbital hybridizations, which replaces
the 2pz-orbital bondings on graphene plane, are also confirmed by the previous charge density
distributions [Figs. 6(b)-6(e)]. However, the σ of carbon atoms are hardly affected by the Si-
chemisorption absorptions, in which they are represented by the isolated shoulder structure
below −4.2 eV (−4.1 eV) in the 100% (50%) case.
Why are valence and conduction bands in Figs. 4(c) and 4(d) dramatically altered
by the Si-adsorbed graphene? The diversified band properties are clearly identified from
three critical mechanisms. First, the chemical modification belongs to the significant surface
adsorption, but not the stronger substitution. This means the existence of σ bondings in
planar C-C bonds even after the significant Si-chemisorptions. As a result, the σ bands of
the C-(2px, 2py) orbitals exhibit a rigidly red shift of ∼ 1 eV [the red triangles at Ev ∼ −4.1
eV in Figs. 4(c) and 4(d)]. The red-shift value is determined by the ionization-energy
difference between carbon and silicon atoms. Second, the important sp3 − p multi-orbital
hybridizations are covalently formed by four half-occupied orbitals of (3s, 3px, 3py, 3pz) in
Si adatoms and one similar orbital of 2pz in C host atoms. For example, a plenty of low-
lying valence and conduction bands are dominated by the silicon guest atoms. Furthermore,
their contributions to the total density of states are higher than those due to carbon atoms
except in the energy range below −4 eV, as, respectively, indicated by the solid and dashed
curves Figs. 8(c) and 8(d). Finally, from the viewpoint of the separated atomic orbital
energies, all the atomic orbitals in silicon adatoms have the larger spatial distributions and
the smaller binding energies, compared with those of carbon atoms. These orbitals, which
take part in the Si-C bonds, will create many energy bands in the available energy range
of the electronic energy spectrum, especially for valence and conduction bands intersecting
with the Fermi level. Apparently, the Dirac-cone band structure, without any valence and
conduction overlap, is thoroughly replaced by the Si-dominated electronic structures under
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the full chemisorptions. The other essential physical properties are expected to behave
the diverse phenomena under the Si-chemisorptions, e.g., magnetic quantizations,89 optical
absorption spectra,91 and transport properties.69
The substitution and absorption cases are thoroughly different from each other in the
main features of density of states. For the former chemical modifications, the number of elec-
tronic states, which is revealed in Figs. 9(b)-9(d), is vanishing within the specific band-gap
region centered at the Fermi level. Most of substitution configurations and concentrations
correspond to the finite-gap semiconductors, e.g., energy gaps due to the highest occupied
valence state and the lowest unoccupied conduction one at the Γ point under the 100% [Fig.
5(b)] and meta-50% substitutions [Fig. 5(d)]. Only part of them belong to the zero-gap semi-
conductors, with a seriously distorted Dirac-cone structure between the Γ and K points [the
ortho-50% case in Fig. 5(c)]. The van Hove singularities can create a plenty of various special
structures, namely, the obvious V-shape structure across EF , strong shoulders/asymmetric
peaks, and prominent symmetric peaks, as observed in the chemisorption cases. Apparently,
the atom- and orbital-projected densities of states show that the contributions coming from
the Si-3pz and C-2pz orbitals [the solid purple and dashed red curves in Figs. 9(b)-9(d)]
appear simultaneously. Furthermore, The merged special structures are also revealed in the
other orbitals, e.g., the interactions of Si-(3s, 3px, 3py) and C-(2s, 2px, 2py) orbitals. These
results clearly illustrate the multi-orbital hybridizations of sp2-sp2 & p− p in Si-C bonds.
That is to say, the Si-C bonds present the quasi-σ and quasi-pi chemical bondings. In addi-
tion, it should have the σ and pi bondings in C-C bonds. The predicted orbital hybridizations
are consistent with the spatial charge distributions in [Figs. 7(a)-7(f)] and can account for
the Si-substitution-enriched band structures [Figs. 5(a)-5(d)].
Scanning tunneling spectroscopy (STS) can provide the sufficient informations on the
density of states at the Fermi level and the various van Hove singularities due to the va-
lence and conduction bands simultaneously. The high-resoultion STS measurements are
available in distinguishing the semiconducting, semi-metallic and behaviors. Furthremore,
15
they are very useful in identifying the close relations between the electronic energy spcec-
tra and the orbital hybridizations of the significant chemical bonds. Such experimentals
have been successfully utilized to verify the band properties near the Fermi level and the
dimension-diversified van Hove singularities in the graphene-related systems even in the
presence of magnetic field, such as, 2D few-layer graphene systems with the AB, ABC, AAB
stackings,103,104 1D metallic and semiconducting carbon nanotubes,105,106 and 3D Bernal
graphite107 [the details revealed in Chap. 3]. Apparently, the theoretical predictions on
the Si-adsorption- and Si-substitution-diversified density of states in monolayer graphene
systems, which could be examined from the STS experiments, cover the finite or vanishing
density of states at E = 0, the low- and middle-energy van Hove singularities, the presence
or absence of a specific shoulder at E ∼ −4.1-−4.2 eV, and the special structures below −4.2
eV. That is, such experimental examinations could provide the critical informations in the
multi-orbital hybridizations, the p− sp3 or sp2 − sp2 chemical bondings.
The essential properties of Si-adsorbed graphene systems might sharply contrast with
other adatom-decorated ones. For example, graphene oxides have the bridge-site adsorption
position,93 as observed in the Si-adsorption case. However, the former present the slight
buckling and the shorter adatom-C bond lengths. All graphene oxides belong to wide-,
narrow- or zero-gap semiconductors, without any band-overlap-induced free electrons and
holes. The O-2s orbitals do not take in the low-lying energy bands, while the opposite is
true for Si-3s ones. Under the high adatom concentrations (≥ 50%), valence and conduction
bands in the range of −1.5 ≤ Ec,v ≤ 1.5 eV are absent for graphene oxides, being thoroughly
from the frequent crossing over the Fermi level in the current case. Apparently, the σ bands
purely due to carbon atoms disappear. Moreover, the three (2px, 2py, 2pz) orbitals of oxygen
and carbon atoms would dominate the multi-orbital hybridizations in O-C, O-O and C-C
bonds. On the other side, the 2pz and (2px, 2py) orbitals of carbon atoms, respectively,
make important contributions to C-C and Si-C bonds; furthermore, the Si-(3s, 3px, 3py, 3pz)
orbitals participate in the Si-C and Si-Si bonds. The above-mentioned important differences
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could be verified by the high-resolutrion STM, TEM, ARPES and STS measurements.
VII. In summary
The essential properties of Si-modified graphene systems have been explored by the first-
principles method in detail. Apparently, the geometric structures, band structures, spatial
charge densities, and atom- and orbital-projected density of states exhibit the rich and unique
phenomena, being sensitive to the chemisorption & substitution cases, and the concentration
& distribution configuration of Si-guest atoms. Furthermore, the magnetic properties aris-
ing from the spin configurations are absent in these systems. The complex muti-orbital hy-
bridizations/the significant chemical bondings are proposed to explain the Si-induced chem-
ical modifications on graphene systems. The calculated results clearly show that the free
carriers and the energy gap might be created by the chemical adsorptions and substitu-
tions, respectively. The distinct modification ways of silicon guest atoms can modulate the
semi-metallic or semiconducting behaviors, being difficult to be observed in other kinds of
atoms.108 For example, there are certain important differences between silicon and alkali
atoms109 in chemisorptions, e.g., the multi-orbital or single-orbital hybridizations, the exis-
tence or absence of charge transfer, the blue or undefined shift of the Fermi level, only the
conduction electrons or free conduction electrons & holes, and the dramatic or slight changes
for the low-lying energy bands. The Si-adsorbed and Si-substituted graphenes could serve as
the potential candidates in the nanoscaled-applications.110,111 The similar theoretical frame-
work could be generalized the emergent layered materials, such as, chemical adsorptions and
substitutions on silicene,112 germanene,113 stanene,114 phosphorene,115 and bismuthene.116
The chemisorptions and substitutions of Si-guest atoms on monolayer graphene present
the unusual geometric properties, being directly revealed in the spatial charge distributions.
The Si-adsorbed graphene is a non-buckled plane, in which the optimal position corresponds
to the bridge site. A planar structure clearly indicates a very small variation in the σ bonding
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of C-(2s, 2px, 2py) orbitals after the Si-chemisorptions; that is, such three orbitals do not take
part in Si-C bonds. This adsorption configuration is similar to monolayer graphene oxide,93
while there is a slight buckling in the latter. The Si-C bond length is ∼ 2.01− 2.05 Å,
suitable for the significant multi-orbital hybridizations of Si-C bonds. Furthermore, the C-C
bond lengths display a minor change. By the detailed analyses on the 3D charge density, its
spatial variation, and the atom- and orbital-projected density of states, the sp3 − pz multi-
orbital hybridizations are deduced to dominate the chemical Si-C bonds. Apparently, three
physical quantities are consistent with one another. The theoretical predictions of the bridge
site and C-C bond length (the Si height) could be examined from the high-resolution STM
(TEM) measurements. Concerning Si-substituted graphene systems, they remain the planar
structure, as observed under the chemisorption cases. There exist very strong multi-orbital
chemical bondings between Si and C atoms. Si-C bond length is about 1.78 Å-1.83 Å, being
shorted than those in Si-adsorbed systems. This means that more C-orbitals are strongly
hybridized with the four Si-orbitals. The STM experiments are available in examining the
predicted Si-C and C-C bond lengths.
Any chemisorptions and substitutions of Si-guest stoms thoroughly alter the unusual band
structure of monolayer graphene, especially for the zero-gap semiconducting behavior and
linear Dirac cone due to the pi bondings of 2pz orbitals. Under the full double- and single-side
cases, the Si-adsorbed graphene systems are semi-metals with the free conduction electrons
and valence holes simultaneously. The Dirac-cone structure near the Γ point are seriously
distorted after the Si-chemisorptions. There are more valence and conduction bands, accom-
panied with the various band-edge states, in the whole electronic energy spectrum, e.g., the
emergent low-lying energy bands along the KΓ and MΓ directions. However, the σ bands,
which arises from the (2px, 2py) orbitals of carbon atoms, exhibit a rigid red shift from −3.02
eV to ∼ −4.10 eV-−4.20 eV. The above-mentioned important results directly reflect the crit-
ical mechanisms, namely, the multi-orbital hybridizations of sp3-p in Si-C bonds, sp3-sp3 in
Si-Si bonds and sp2-sp2 in C-C bonds. Such chemical bondings consist of four Si-orbitals and
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one C-orbital, being closely related to the bridge-site adsorption positions, and the binding
energies & charge distributions of the separated orbitals. The high-resolution ARPES mea-
surements are very useful in checking the low-energy valence bands crossing the Fermi level
along KΓ and MΓ and the rigid σ bands initiated from the Γ point. On the other hand, all
the substituted cases results in the semiconducting behavior with a finite or vanishing band
gap. The Dirac-cone structure presents a deviation from the Γ point, a strong distortion, or
even a full destruction. The number of valence and conduction bands keeps the same after
the chemical substitutions; furthermore, they are co-dominated by the Si-guest and C-host
atoms. Apparently, the main features of band structures in Si-substituted graphene systems
arise from the sp2-sp2 & p-p orbital hybridizations in Si-C bonds.
A lot of van Hove singularities in atom- and orbital-decomposed density of states, which
mainly come from the band-edge states, are created by the Si-guest-atom chemisorptions
and substitutions. A pristine monolayer graphene only presents a V-shaped structure with a
vanishing value at the Fermi level, the logarithmically symmetric peaks at −2.40 eV and 1.8
eV, and a shoulder structure at −3.10 eV, in which the former two and the last one, respec-
tively, correspond to the pi and σ bondings of carbon atoms. The pi-bonding strong evidences
are totally destroyed by any chemisorption cases except for the very dilute Si-adatoms. They
are replaced a finite density of states at E = 0 and many shoulder and peak (or composite)
structures. Furthermore, they are co-dominated by the four Si-(3s, 3px, 3py, 3pz) orbitals
and the single C-2pz orbital, since their contributions are merged together. Specifically, the
σ-band shoulder appears −4.2 eV-−4.1 eV, and ∼ 1.0 eV red shift is mainly determined
by relative ionization energy of Si and C atoms. The above-mentioned significant features
further support and illustrate the sp3-p & sp3-sp3 multi-orbital hybridizations in Si-C bonds
and C-C bonds, respectively. As for the substitution cases, the density of states is zero
within a finite energy range centered at the Fermi level except for few systems with the
V-shaped structures at EF . All the Si-substituted graphene systems are finite- or zero-gap
semiconductors. The special structures, which originate from Si-3pz and C-2pz orbitals, ap-
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pear simultaneously. Also, the similar behavior is revealed in Si-(3px, 3py) and C-(2px, 2py)
orbitals. These clearly indicate the critical single- and multi-orbital hybridizations in Si-C
bonds. The above-mentioned theoretical predictions could be verified by the high-resolution
STS measurements.
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Figure Captions
Figure 1. The total ground state energy and its dependence on the C-C/Si-C bond length
for (a) the fully Si-adsorbed graphene (the double-side 100% case), and (b) the Si-substituted
graphene under the 1:1 case.
Figure 2. Geometric structure of the 100% Si-adsorbed graphene: (a) top view and (b)
side view.
Figure 3. The optimal geometric structures in Si-substituted graphene systems: (a) 100%
case, (b) ortho/para-, and (c) meta-configuration for the 50% case.
Figure 4. The wide-energy-range electronic energy spectra with the dominances of host
and guest atoms for Si-adsorbed graphene systems: (a) a pristine case, (b) a similar one
under the enlarged unit cell identical to the 100% case, (c) the fully double-side absorption,
and (d) the complete single-side adsorption.
Figure 5. The C- and Si-dominated valence and conduction bands in Si-substituted
graphene systems: (a) Pristine (2
√
3 × 2√3), (b) 100% configuration, (c) ortho-, and (d)
meta-configuration under the 50% case.
Figure 6. The spatial charge density/its variation after chemisorption for (a) a pristine
system, (b)/(c) the 100% absorption, and (d)/(e) the 50% case.
Figure 7. Similar plot as Fig. 6, but shown for a Si-doped graphene under (a)/(b) 100%
substitution, (c)/(d) ortho-, and (e)/(f) meta-configurations under the 50% case.
Figure 8. The atom- and orbital-projected density of states in Si-adsorbed graphene
systems: (a) a pristine configuration, (b) a similar one within the enlarged unit cell the
same with the 100% chemisorption, (c) the thorough double-side absorption, and (d) the full
33
single-side adsorption.
Figure 9. Similar plot as Fig. 8, but displayed for Si-substituted graphene systems: (a)
Pristine (2
√
3× 2√3), (b) 100% configuration, (c) ortho-, and (d) meta-configuration under
the 50% case.
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Table 1: Energy gap/metal; C-C bond length, Si-C bond length, and Si height for Si-
substituted/adsorbed graphene.
Doping type Ratio ofSi and C percentage
E
d(i)
g (eV)/
metal
C-C
bond
(Å)
Si-C
bond
(Å)
Si
height
(Å)
Adsorption
Pristine X Eg = 0 1.420 X X
Si:C=3:6 50% single M 1.491 2.514 2.40
Si:C=6:6 100% double M 1.492 2.535 2.422
Substitution Si:C=2:4 50% ortho E
i
g = 0.04 1.478 1.833 X
Si:C=2:4 50% meta Edg = 0.56 1.465 1.829 X
Si:C=3:3 100% Eig = 2.56 X 1.780 X
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Figure 1: The total ground state energy and its dependence on the C-C/Si-C bond length for
(a) the fully Si-adsorbed graphene (the double-side 100% case), and (b) the Si-substituted
graphene under the 1:1 case.
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Figure 2: Geometric structure of the 100% Si-adsorbed graphene: (a) top view and (b) side
view.
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Figure 3: The optimal geometric structures in Si-substituted graphene systems: (a) 100%
case, (b) ortho/para-, and (c) meta-configuration for the 50% case.
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Figure 4: The wide-energy-range electronic energy spectra with the dominances of host and
guest atoms for Si-adsorbed graphene systems: (a) a pristine case, (b) a similar one under
the enlarged unit cell identical to the 100% case, (c) the fully double-side absorption, and
(d) the complete single-side adsorption.
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Figure 5: The C- and Si-dominated valence and conduction bands in Si-substituted graphene
systems: (a) Pristine (2
√
3 × 2√3), (b) 100% configuration, (c) ortho-, and (d) meta-
configuration under the 50% case.
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Figure 6: The spatial charge density/its variation after chemisorption for (a) a pristine
system, (b)/(c) the 100% absorption, and (d)/(e) the 50% case.
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Figure 7: Similar plot as Fig. 6, but shown for a Si-doped graphene under (a)/(b) 100%
substitution, (c)/(d) ortho-, and (e)/(f) meta-configurations under the 50% case.
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Figure 8: The atom- and orbital-projected density of states in Si-adsorbed graphene systems:
(a) a pristine configuration, (b) a similar one within the enlarged unit cell the same with
the 100% chemisorption, (c) the thorough double-side absorption, and (d) the full single-side
adsorption.
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Figure 9: Similar plot as Fig. 8, but displayed for Si-substituted graphene systems: (a)
Pristine (2
√
3× 2√3), (b) 100% configuration, (c) ortho-, and (d) meta-configuration under
the 50% case.
44
